Abstract In this study, a stand-off and collinear double pulse laser-induced breakdown spectroscopy (DP LIBS) system was designed, and the magnesium alloy samples at a distance of 2.5 m away from the LIBS system were measured. The effect of inter-pulse delay on spectra was studied, and the signal enhancement was observed compared to the single pulse LIBS (SP LIBS). The morphology of the ablated crater on the sample indicated a higher efficiency of surface pretreatment in DP LIBS. The calibration curves of Ytterbium (Y) and Zirconium (Zr) were investigated. The square of the correlation coefficient of the calibration curve of element Y reached up to 0.9998.
Introduction
Magnesium, one of the most promising lightweight metallic structural materials, is known as the green functional structure materials in the 21th century, and has a wide potential application in many fields [1] . However, the heat resistance, mechanical properties and creep resistance of common magnesium alloys are poor, which make it inadequate for a lot of applications. Mixing special metallic elements in magnesium alloys, such as rare earth elements, can improve their high temperature performance and mechanical properties. Controlling the content of the added elements is a critical factor for improving the properties of magnesium alloys. At present, the dominant elemental analysis in metallurgical processing is an off-line one, including the preproduction component calculation and post-production component testing. The off-line analysis method is strict on the raw materials and processing, which limits the mass production and the development of new magnesium alloys.
Laser-induced breakdown spectroscopy (LIBS) is a versatile element analytical technique based on the optical emission from the laser-induced plasma [2−5] . Because of its fast, in-situ, on-line, and non-contact advantages, LIBS has been applied in many fields [6−15] . Application of LIBS technology in the metal smelting process for online component analysis has always been an important research area [16, 17] . Carlhoff [18] applied the LIBS technology to molten steel for the first time. The laser pulse passed the gas hole on the side of the AOD (argon oxygen decarburization) converter, focused on the liquid steel. Using Fe as the internal standardization, the LOD of C about 200 ppm was achieved. Noll et al. [19] applied the LIBS system in the steel smelting process, for a real time and in-situ production process control and quality assurance in the steel factory. However, because of the critical high-temperature, and dust in the metal smelting process, the optical devices of the LIBS system need to be specifically protected, otherwise the stability and repeatability of the spectra became bad in this complex environment. These problems limited the application of LIBS in the metallic industry.
In recent years, double pulse or multi-pulse LIBS technology, which could enhance the signal intensity, improve the signal-to-noise ratio (SNR) and the stability of the signal, has attracted a lot of researchers [20, 21] . Many researchers designed and built collinear [22, 23] or orthogonal [24, 25] multi-pulse LIBS experiment systems, studied the characteristic under different conditions so as to obtain good signal intensity and stability. In addition, the stand-off LIBS technology which can analyze the sample from a certain distance is another research focus [26−28] . Stand-off LIBS is suitable for some uncontacting sample detection or some special environmental requirements, like archaeology research [29, 30] and planetary exploration [31] . In this paper, we combined the double pulse and stand-off technologies and designed a stand-off collinear DP LIBS analysis system. We studied the influence of system parameters on the performance analysis and the mechanism of signal enhancement. This system structure provides a feasible scheme for the magnesium alloy metal smelting process.
Experimental setup
The experimental system diagram is shown in Fig. 1 . Two pulsed Nd:YAG lasers (From Beamtech Optronics Co., with 1064 nm wavelength, 10 ns pulse-duration, 10 Hz maximal repetition rate, and 200 mJ maximal pulse energy) were collineared by a combined optical system comprised of two half wave plates and two polarization beam splitters (PBS). The energy of the laser pulse is 35 mJ for each laser in DP LIBS, and 70 mJ in SP LIBS. The collinear laser pulses were focused on the sample surface at 2.5 m by a beam expander that consists of 2 concave and 2 convex lenses. The plasma radiation was collected by a commercially available 8 inch Schmidt-Cassegrain telescope (NexStar 8SE, Celestron), then focused into an optic fiber and guided to a spectrometer (LIBS 2500, Ocean Optics, Inc.). The angle between the laser pulse and the optical axis of light collection was about 6.8
• . The interpulse delay time and the gate delay time of the spectrometer was set and controlled by a versatile digital delay/pulse generator (DG645, Stanford Research). At the beginning of the plasma, because of the influence of bremsstrahlung and free-bound electronic recombination continuum radiation, the spectrum has a low SNR. Changing the delay time between the pulses and the spectrometer could efficiently improve the SNR. In this study, the spectrometer gate delay time after the second laser pulse and the integral time of the spectrometer were respectively set on 3 µs and 1 ms in all the measurements. For all the samples, 500 spectra were averaged into a single spectrum to reduce the spectral fluctuations. All the magnesium alloy samples in this work were provided by the Institute of Metal Research, Chinese Academy of Sciences. The average chemical compositions of the samples are listed in Table 1 . 3 Results and discussion
Delay time between the two pulses
Characteristic lines of Y(II) 366.4 nm and Zr(I) 468.7 nm were selected for analysis because of their good line shape and less overlap interference. Interpulse delay is an important factor for the signal intensity of DP LIBS [32] . We altered the interpulse delay time, obtained the relationship between the spectral intensity and the delay time of sample #1, as shown in Fig. 2 . The intensity of 366.4 nm line (Y) was saturated at 6 µs, and then the intensity of 468.7 nm (Zr) was also saturated at 8 µs. After that, the intensity of both lines varied slowly. The result showed that the best delay time varies for the spectral line of the different elements. 3 shows the comparison of single pulse and double pulse spectra, where the interpulse delay is 6 µs in the DP LIBS. The enhancement in signal intensity is about 4.7 times for DP LIBS compared with the SP LIBS of the Y line at 366.4 nm. The enhancement effect is consistent with other research [33−35] . In the stand-off LIBS system, the collection efficiency of the plasma emission is inversely proportional to the square of the detection distance. As the detection distance increases, a much higher intensity of the plasma emission is required for an effective spectral collection. Enhancing the intensity of plasma by increasing the energy of the laser is restricted by the characteristics of the laser. On the other hand, the air will be induced to breakdown to produce a pre-spark by the excessive high energy, which could affect the stability of the plasma. In the collinear DP LIBS system, the first laser pulse is used to ablate the mass from the sample, and the second laser pulse is used to excite the ablated sample and strengthen the plasma. Therefore, the collinear DP LIBS can effectively enhance the intensity of plasma, at the same time each laser operates at a relatively low energy without pre-spark. On the contrary, in the single laser operation a high energy pulse may induce pre-spark, which will greatly reduce the stability of the spectral intensity.
Temperature and electron density in the plasma
The temperature and electron number density of plasma are important parameters to characterize the thermodynamic property of the plasma. The electron number density of the plasma can be obtained from the spectral line broadening. The dominant broadening mechanism in laser-induced plasma is Stark broadening. The ion contribution to the spectral line broadening is much less than the electronic contribution. The electron number density is determined from the width of the H α line using the following formula [36] :
where ∆λ 1/2 is the Full-Width Half-Maximum (FWHM) of the H α line (656.3 nm), α 1/2 is the electron impact parameter, which could be obtained from the table in Ref. [37] , n e is the electron density. Fig. 4 shows the Voigt fit of the H α line. The Gaussian part represents convolution of the instrumental and Doppler profile, while the Lorentzian part is assumed to be induced by Stark broadening. In this study, the Lorentzian part, w L , is 2.03 nm, and the electron number density n e =2.88×10 17 cm −1 in DP LIBS. The Saha-Boltzmann plot method [38] is a common method used for calculating the temperature of the plasma. The calculation formula is:
The superscript * indicates that the expression for the neutral and singly ionized atoms is different, and it must be modified as follows. For neutral atoms
For single ionized atoms
Here, I is the intensity of the spectral line, λ is the wavelength of the spectral line, A is the transition probability, g is the statistical weight of the upper level, k is the Boltzmann constant, E is the upper-state energy of the transitions, C is the intercept. A, g and E can be obtained from the standard database (such as the NIST database), m e is the electron mass, h is the Planck's constant, E p is the ionization energy, ∆E is the ionization energy corrected by the corresponding plasma, which could be obtained from Ref. [37] . The n e is obtained using formula (1). The initial temperature is first set at 10000 K, a straight line can be fitted by using the multiple spectral lines. The temperature will be obtained from the slope of the fitting line. Then putting the obtained temperature into formula (4), a new temperature will be obtained. The iterative process will be converged to provide the final temperature values. In this study, four atomic spectral lines of Y (I) and six ionic spectral lines of Y (II) were selected to calculate the plasma temperature. The relevant parameters of the spectral lines are listed in Table 2 , and the Saha-Boltzmann plot of sample #1 in DP LIBS is shown in Fig. 5 , where the calculated temperature is 10149.54±183.57 K. 6 shows the relationship between plasma temperature, electron density and the interpulse delay of DP LIBS. The values showed little change in Fig. 6 , though undulating, and there was no significant overall variation. This indicates that the plasma temperature and electron density were not the only dominant factors of the enhancement of intensity in this stand-off DP LIBS system, and the total ablated mass of the sample may be another significant factor. 
Morphology of the ablation
The ablation morphology on the sample surface in SP and DP LIBS was different. Fig. 7 shows the ablation morphology of sample #1. Compared with the SP LIBS, the diameter of the ablated crater was smaller, about 0.5 mm in DP LIBS. However, the ablated depth increased significantly. The ablation depth generated by DP LIBS could not be formed in SP LIBS, even when the laser pulses were focused on the same point repeatedly. Due to the shielding effect of the plasma, in SP LIBS, only the first few nanoseconds of the laser pulse reached the essentially undisturbed sample surface, producing the laser ablation. The rest of the laser pulse was then partially absorbed through the inverse bremsstrahlung mechanism by the plasma just formed, increasing plasma temperature, and partially transmitted to further ablate the sample surface. However, in DP LIBS, the plasma shielding effect is weak after the interpulse delay. More energy from the second laser pulse could act on the sample and the second ablation induced by the second laser pulse was much easier on account of the softening and heating of the sample induced by the first laser pulse. The melting and evaporation mass of the samples was much larger in DP LIBS. According to the ablation characteristic of DP LIBS, for a sample with oxide layer or attachments, DP LIBS can be used to rapidly strip the sample surface layer, measure the internal components, and achieve measurement and analysis of different depths in the longitudinal direction.
Calibration
In DP LIBS experiments, the absolute intensities of Y 366.4 nm and Zr 468.7 nm lines are used to establish the concentration calibration curves shown in Fig. 8 . For the 366.4 nm of Y, since there was little interference from other lines, the square correlation coefficient (R 2 ) reached 0.9998, with a very low level of measurement error. The R 2 of 468.7 nm (Zr) was poor compared with 366.4 nm (Y), and reached 0.9547 only, because of the peak overlap interference from other elements like Y and Gd. Since the concentration of Mg in different samples varied largely, using lines of Mg as the internal standard will not improve the calibration. For such a serious interference, some data processing and chemometrics methods will be adopted for improvement in further studies. Using the 3σ-IUPAC definition, the limit of detection (LOD) for a given element is:
where σ is the standard deviation of the spectral background, and S is the slope of the calibration curve for the specific atomic emission. The LODs of Y and Zr are 5.98 µg/g and 2.82 µg/g, respectively. 
Conclusion
We combined double-pulse and stand-off technologies in LIBS to analyze magnesium alloy samples. By comparing SP and DP LIBS, the enhancement was obvious in DP LIBS, and a better spectral intensity in the lower energy level can be obtained in DP LIBS. Through properly altering the interpulse delay time, 4.7 times enhancement was achieved. The morphology of the ablated surface in the two types of LIBS was also different. The diameter of the ablated crater was smaller but the depth increased significantly in DP LIBS. This result indicated that DP LIBS can quickly strip the sample surface and could detect the components inside the samples. The contents of Y and Zr were calibrated. The relative deviation of Y was very small, but it was poor for Zr, because of the peak overlap interference from other elements.
Using stand-off LIBS technology in high temperature conditions, the cost of the design and equipmentprotection will be greatly reduced, and transformation and reconstruction of the existing smelting equipment are no longer needed. This study provides a feasible solution for the on-line measurement of high temperature liquid metals.
